Computational fluid dynamics (CFD) allows the visualization and understanding of physics of flow associated with stent implantation. This study uses patient computed tomography (CT) images to investigate the relationship of pressure drop and air flow rate in the tracheal airway. Moreover, the cross-sectional areas of the patient airway were measured and the area stenosis ratios were calculated. The stenosis ratios were 75.64% and 38.08% without and with stent treatment, respectively. Simulation results show that at an air flow rate of 30 L/min, the pressure drops between the inlet and the outlet before and after central airway stent implantation for the inspiratory phase were 77.23 and 7.05 Pa, respectively. The improvement gain (IG) was 9.95. The IG increased with increasing air flow rate. At an air flow rate of 120 L/min, the value of IG was 11.68. A higher IG value indicates lower airway resistance after an airway stent implantation. The CFD numerical results demonstrate the feasibility of computing airway resistance based on CT images. In clinical practice, it is difficult to assess patients with severe airway obstruction using a symptoms score or a pulmonary function test due to their critical condition. The proposed noninvasive approach for determining airway obstruction severity is helpful for patients who are unable to do pulmonary function tests.
Introduction
Lung cancer is the most common form of cancer diagnosed worldwide [1] . Lung and bronchus cancer is the most common cause of cancer-related death in the United States [1] . Airway stenosis is caused by diseases such as tracheobronchial tuberculosis, vascular ring, and solid tumors that metastasize to the airway. Patients with malignant/benign airway obstruction suffer from lung cancer, metastatic cancers, tracheomalacia, infections, tuberculosis, lymphoma, acute airway obstruction, upper airway tumors, other inflammatory diseases, chronic obstructive pulmonary disease, or asthma [2, 3] . Usually, tumors of the upper airway are most malignant [2] . In general, the survival of patients with malignant central airway obstruction is limited. Asthma is characterized by airflow obstruction and airway wall thickening. Airway wall thickening and airway narrowing have been reported in patients with asthma compared with healthy control subjects [4] . These disorders have in common higher airway resistance due to a narrowed airway, airway obstruction, or airway collapse. In other words, these disorders can lead to respiratory insufficiency. Sometimes, these diseases can make it difficult for patients to breathe. Therefore, reducing the airway resistance for patients with either narrowed or obstructed airways is an important issue.
There are some modalities for treating airway stenosis, such as minimally invasive surgery, airway resection surgery, airway reconstruction surgery, and airway stent placement [5] . Murgu et al. used various imaging modalities to measure the airway wall changes due to laser surgery [6] . They also showed that optical coherence tomography can precisely detect dynamic changes induced by surgical laser ablation and reveal airway wall microstructures in patients with both benign and malignant disease. Airway resection and reconstruction provides the most reliable definitive treatment, but many patients are unresectable. Surgical treatments are inappropriate for some patients with severely narrowed airways, acute respiratory distress syndrome, or acute dyspnea. Airway stent placement immediately expands the narrowed airway space while maintaining the oxygen supply. Weibel reported that a normal human requires oxygen uptake of 400 mL/min under resting conditions [7] . Furthermore, recent studies used computed tomography (CT) to assess airflow limitation and determined the correlation between airflow limitation and airway dimensions in asthma patients using CT [9] . Using CT image analysis, Yamashiro et al. investigated the relation between bronchial wall attenuation and airflow limitation in persons with chronic obstructive pulmonary disease (COPD) [10] . They found that peak attenuation of the bronchial wall correlates significantly with expiratory airflow obstruction in COPD patients, especially in the distal airways. Airway stent placement treatment can significantly increase survival rates for patients with malignant central airway obstruction and improve the quality of patient life [3] . Other study has have recently reported tracheal restenosis in patients with malignant airway obstruction after Ultraflex airway stent placements [11] . In clinical practice, patients with malignant airway obstruction are difficult to evaluate using a symptoms score or a pulmonary function test due to their critical condition. Thus, it is important to understand airflow behavior in the stenosis airway for treatment, especially after stent placement treatment.
Computational fluid dynamics (CFD) is widely used in multidisciplinary studies such as those on blood flow in finger nail-fold capillaries [12] and respiratory flows in patients with respiratory disorders [13, 14] . The CFD method was used to investigate the airflow and particle transport in the human respiratory system [15, 16] . Other researcher used an ideal three-generation airway to study the fluid-structure interaction during expiratory flow [17] . They found that airway collapse increased the resistance to fluid flow and led to the formation of an airflow jet that altered the downstream flow pattern. However, most studies have used either only an ideal lung tree model or only airways in anatomically unidentified cross sections. Except for the study [18] , most of these studies did not consider the effect of the area change of compression deformation of the narrowed airway on the pressure distribution. The pressure information of an airway is important for artificial ventilation because the pressure can affect lung collapse and lung airflow. Modern ventilation protects lungs by using a positive end-expiratory pressure to avoid lung collapse. The Weibel lung model, with an ideal symmetrical geometry, is widely used in many lung airflow studies [19, 20] . Airway stents were used to treat patients with airway stenosis diseases, but these studies did not conduct airflow analysis after airway stent placement [21, 22] . Moreover, van Ertbruggen et al. used the CFD method with a fixed inspiration air flow rate (from 0.05 to 0.5 L/s) to simulate particle deposition in the airway [23] . Some studies used the CFD method to explore air flow in airways [24, 25] . However, few studies have been conducted on respiratory resistance in patients before and after stent placement treatment. Few comparisons have been made between clinical outcomes after patient airway stent implantation and numerical results obtained using CFD. Therefore, this study investigates the effect of air flow rate on tracheal airway resistance using the CFD method. Figure 1 shows a flowchart for CFD simulations of airflow in the patient trachea. The airway geometry was reconstructed from CT images. In this study, the CFD modeling of air flow in the tracheal airway was developed using the following four steps: a three-dimensional (3D) airway surface geometry was reconstructed employing Amira software (Amira, Mercury Computer Systems, Chelmsford, MA, USA), a 3D volume mesh was generated using ANSYS software (ANSYS, ANSYS Inc., Southpointe, Canonsburg, PA, USA), the air flow field in the trachea (i.e., viscous pressure drop and velocity in the airway) was solved using CFD-ACE+ software (ESI Group, Paris, France), and the pressure drop was calculated employing CFD-VIEW software (ESI Group). The 3D airway reconstructions were obtained from CT images, which were acquired as Digital Imaging and Communications in Medicine (DICOM) files using a CT scanner (Philips Brilliance 40). The slice thicknesses of CT images were 0.7 and 1 mm before and after airway stent placement, respectively. The 3D airway geometry was reconstructed from routine images with a slice thickness of less than 1 mm. Using the CT images in DICOM format, the tracheal airway surface geometry was constructed using Amira software. Figure 2 shows CT images of a patient after stent placement. Tracheal airway surface geometry was created using Amira software. The file was exported in STL format in Amira, and then imported into ANSYS software. Figure 3 shows the tracheal airway surface geometry before and after stent implantation. The luminal surface of the trachea (i.e., inner tracheal surface) was extracted from patient CT images. The luminal surface was used for the volume mesh generation. From a triangular surface in the reconstruction of the tracheal airway surface geometry, the tetrahedral volume mesh was generated by ANSYS software. The computational grid was extracted from the tracheal airway surface geometry. Moreover, a tetrahedral grid was used to generate the inner volume mesh. The tracheal airway surface (in STL file format) was loaded into ANSYS ICEM-CFD software. The volume mesh generation of the airway was performed using ANSYS ICEM-CFD software. Figure 4 shows the generated volume meshes before and after airway stent implantation. The volume mesh generation was carried out using ANSYS ICEM-CFD. Furthermore, the mesh quality can be improved via Compute Mesh in the ANSYS ICEM-CFD meshing tool. The unstructured mesh grid was generated using ANSYS ICEM-CFD. A grid independence test was conducted. A uniform velocity profile was imposed computationally at the inlet to the trachea at a constant air flow rate of 30 L/min before and after stent implantation. The calculated velocity profiles at a given line through the cross section at the outlet for four grid sizes for inhalation are shown in Fig. 5 . The grid sizes at the outlet were 415,789 to 2,479,614 before stent implantation (as shown in Fig. 5(a) ). The gird sizes decreased to 125,962 to 960,431 ( Fig. 5(b) ) after stent implantation. The calculated velocities for various grid sizes were almost identical at the outlet of the airway, indicating that the CFD numerical results are grid independent. The k-epsilon turbulence model was used when the Reynolds number was larger than 2,300 in this study. 
Materials and methods

Three-dimensional airway reconstruction and volume mesh generation
Governing equations for CFD analysis
Pressure is the driving force that pushes air into the pulmonary airway, a system of branching conduits that begins the nasal cavity and ends deep in the lungs at the point where air and blood exchange oxygen and carbon dioxide. The air flow field was described by the continuity equation and NavierStokes equations. The CFD-ACE+ solver uses the finitevolume method. The air flow rates were 15 [26] . Thus, steady-state incompressible Navier-Stokes equations were used in this study. The continuity equation and the Navier-Stokes equation are as follows:
where  is the velocity of air,  is the density of air, p is the pressure,  is the air viscosity, and g is the gravitational force. Note that the gravitational force was neglected in this study. Here, the density of air and the viscosity of air are 1.18 kg/m 3 and 1.8510 5 kg/m/s, respectively [14] .
With the length from about 10 cm above the carina (i.e., the length of the airway covers the narrow segment of the airway), the viscous pressure drop in the segment of the airway was used for evaluating the airflow resistance for a respiration process. Furthermore, the viscous pressure drop in the airways was calculated to examine the resistance to airflow in the airways using CFD techniques. In the numerical simulations, the iterations were continued until the residuals for each of the equations (i.e., each component of the continuity and the Navier-Stokes moment conservation equations) dropped to at least 10 6 of the value at the maximum in the each iteration.
Boundary conditions
The choice of boundary conditions (BCs) is critical for modeling air flow in a human trachea [27] . The outlet boundary condition was set to a constant pressure of zero. This was done so that the pressure difference between the inlet and the outlet could be used to calculate the pressure drop, which is the driving force that pushes the air from the inlet to the outlet. The pressure at the outlet was set to zero. Clearly, the average pressure can be used to describe the airway resistance from the inlet to the outlet. In the inspiratory phase, the boundary condition for the inlet (near the mouth) is set to a constant velocity and that for the outlet (near the lung) is set to a constant pressure, as shown in Fig. 6(a) . Similarly, a zero pressure was applied as the outlet boundary condition [18, 28] . In the expiratory phase, the boundary condition of the inlet (near the lung) was set to a constant velocity and a constant pressure was applied as the outlet (near the mouth) boundary condition, as shown in Fig. 6(b) . Here, the inlet velocity is a function of the air flow rate and the cross-sectional area of the airways. In this study, the inlet air flow rate was varied from 15 to 120 L/min in the numerical simulations. A no-slip boundary was applied to the tracheal wall in the simulations [13, 14, 16] . 
Analysis of patient respiratory resistance
The air flow equations (Navier-Stokes equations) were solved using the finite volume solver CFD-ACE+. The pressure drop in the tracheal airway was calculated using CFD-VIEW. In addition, six air flow rates were used to simulate the pressure drops in the airway for a patient under rest, mild exercise, and vigorous exercise conditions. The velocity and pressure field in the airways were obtained by solving Eq. (1) and Eq. (2), respectively. In present study, the Poiseuille flow resistance was employed as the respiratory resistance. Although Eq. (3) is derived from a laminar condition, it gives the relationship among the resistance, flow rate, and pressure drop. Equation (3) is used to describe the airway resistance here. Using the same physical concept, Acres and Kryger measured the resistance of the airway under various air flow rates during inspiratory and expiratory phases [29] . Moreover, the resistance of the airway can be measured by dividing the pressure drop along the airway by the flow [29] . In the present study, the pressure drop was used as the resistance of the airway for a given air flow rate. The Poiseuille formula is as follows:
where R is the respiratory resistance,
is the driving pressure, Q is the flow rate, and is the length of the airway. In Eq. (3), the respiratory resistance (i.e., the Poiseuille resistance) of the airway is proportional to the length of the airway for a given radius of the airway. The respiratory resistance is inversely the fourth power of the radius r 0 of airway cross-sectional area. A smaller airway has a larger airway flow resistance (i.e., a larger respiratory resistance). Therefore, the cross-sectional area of an airway significantly affects respiratory resistance. The cross-sectional areas of the tracheal airway before and after stent implantation and the stenosis ratios are listed in Table 1 . The stenosis ratio of the patient before stent implantation was 75.64%. 
Pressure drop calculation
Due to the irregularity of the cross-sectional area, the total pressure at the inlet was obtained from the integration of the pressure of each element over the selected surface (i.e., the inlet cross-sectional area). The average pressure at the inlet can be obtained as the total force divided by the total area at the inlet. In this study, the total force (F T ) at the inlet area and the average pressure ( P ) are related as: (4) where A i is the cross-sectional area of the inlet (Fig. 6) and dS is the surface area for each element of A i . The respiratory resistance of the airways (i.e., pressure drop) can be expressed as the pressure difference between the inlet and the outlet. The total force over the inlet surface can obtain from the pressure integral (Eq. (4)). The average pressure was defined as the ratio of the total force to the inlet surface area. The average pressure at the inlet was used as the pressure drop from the inlet to the outlet because the boundary condition of the outlet was set to zero pressure. Thus, the respiratory resistance was evaluated using the pressure integral formula (the pressure integral was computed according to Eq. (4) in CFD-VIEW).
Results
In the numerical analysis, the pressure drops for six air flow rates were evaluated. The numerical results are listed in Table 2 . At an air flow rate of 15 L/min, the pressure drops were 22.89 and 2.15 Pa before and after stent treatment, respectively ( Fig. 7 and Table 2 ). The improvement gain (IG) was 9.64. The IG increased with increasing air flow rate. For a air flow rate of 45 L/min, IG was 10.36. A higher IG value indicates lower airway resistance and thus a smaller driving pressure required to maintain a given air flow rate. The pressure drop (i.e., airway resistance) increased with increasing air flow rate. For the inspiratory phase, the pressure drops at air flow rates of 15 and 90 L/min were 22.89 and 619.69 Pa, respectively (Table 2 ). Pressure drop is affected by the cross-sectional area of the airway; a narrower airway has a larger pressure drop. Table 1 shows the cross-sectional area change after stent treatment. The cross-sectional area changed from 54.04 to 254.7 mm 2 after treatment. The stenosis ratios (Table 1) were 75.64% and 38.08% without and with stent treatment, respectively. After treatment, the pressure drop significantly decreased because the narrowed airway was expanded by the airway stent. The airway resistance decreased with increasing cross-sectional area. Furthermore, airway resistance is the opposition to air flow caused by the forces of friction due to the airway inner wall surface. Due the no-slip condition of the airway inner wall surface, the viscosity of the air in the airway results in friction of air flow. The friction is due to the tracheal airway wall. Lower airflow resistance through the tracheal airway leads to a smaller pressure drop. Consequently, airway resistance decreases as airway volume expands because a wider airway has lower airflow resistance. The pressure drop for the expiratory phase was smaller than that for the inspiratory phase. In other words, airway resistance in the expiratory phase was smaller. For an air flow rate of 45 L/min, the pressure drops were 162.35 and 124.75 Pa for the inspiratory and expiratory phases, respectively. After treatment, the pressure drops reduced significantly to 14.29 and 4.99 Pa, respectively. IG values before and after airway stent implantation were 10.36 and 24, respectively. The airway resistance significantly decreased for the expiratory phase after treatment. IG values for the inspiratory and expiratory phases were 11.68 and 34.94, respectively (Table 2) 
Discussion
Airway resistance depends on whether the flow is laminar or turbulent, on the viscosity of air, and on the cross-sectional area of the airway. In this study, the viscosity of air was set to a constant of 1.8510 5 kg/m/s. The flow pattern and the dimensions of the airway thus affected airway resistance in the simulations. It was found that the Reynolds number was over 3,500 and that the flow pattern was turbulent before airway stent implantation. For instance, for an air flow rate of 15 L/min, the maximum velocity was 6.613 m/s, the narrowest cross-sectional area was 5.40810 5 m 2 , and the Reynolds number was about 3,501 before airway stent implantation. After airway stent implantation, the narrowest cross-sectional area expanded to 2.54710 4 m 2 , the maximum velocity of the airway was 1.760 m/s, and the Reynolds number was about 2,006 for the same air flow rate of 15 L/min. Thus, the flow pattern changed from turbulent to laminar after airway stent implantation. For the expiratory phase with an air flow rate of 15 L/min, the maximum velocities before and after airway stent implantation were 6.946 and 1.903 m/s, respectively. The Reynolds numbers were about 3,677 and 2,186 before and after airway stent implantation, respectively. IG was 18.54, as shown in Table 2 . Therefore, airway stent implantation increased the cross-sectional area of the airway and changed the air flow pattern, reducing airway resistance during the respiratory phase.
In this study, the patient, whose tracheal airway is distorted due to tumor compression, had severe dyspnea and was unable to do the pulmonary function test. After the stent implantation treatment, the breathing of the patient significantly improved. Thus, the proposed noninvasive CFD method is important for patients who cannot be evaluated by the pulmonary function test.
Conclusion
The CFD method can be used to assess airway resistance via a pressure drop expression. Airway stent placement can reduce the pressure drop (i.e., airway resistance). This study proposed a method for calculating airway resistance via CFD based on patient-specific images and determined the influence of airflow conditions on pressure drop and flow distributions. The results of this study suggest that airway resistance is reduced by airway stent implantation.
